Introduction
A major challenge in the treatment of the ocular posterior segment in fundus disease is that effective therapeutic concentrations of a drug delivered through the cornea cannot be maintained in the posterior segment of the eye. In addition, low bioavailability and adverse drug reactions occur with the absorption of high drug doses via systemic circulation. Three methods are used for drug delivery to the posterior segment and fundus in clinical settings ( Figure 1) . [1] [2] [3] [4] [5] [6] [7] The first method has been applied to the treatment of posterior segment disease and involves injection or implantation of the drug into the vitreous humor via the flat part of the ciliary body. The second method targets the subconjunctival fascia by implantation or injection, with the drug eventually becoming concentrated in the choroid, retinal pigment epithelium, retina, etc. The third approach involves increasing the drug concentration in the posterior segment of the eye by ocular iontophoresis and insertion of microneedles via the cornea or sclera. Although these methods can achieve high drug concentrations in the posterior segment of the vitreous humor, lens, retina, and other ocular tissues, their broad clinical application is limited by potential complications such as tissue damage, infection and injury, and retinal hemorrhage. [8] [9] [10] [11] Drug administration into the anterior segment has been proposed to circumvent these problems. In intraocular administration, drug molecules must diffuse over a long distance from the site of corneal penetration and penetrate the ocular barrier -which consists of the convection flow of the aqueous humor from the ciliary body to Schlemm's canal, together with lacrimal fluid, blood-aqueous humor, retinal blood, and a corneal avascular component -and be specifically absorbed by the retinal pigment epithelium. Increasing effective drug concentrations in the eye can enhance drug absorption in the posterior segment and fundus.
Studies on prolonging precorneal retention and increasing contact time with the ocular surface have focused on submicroemulsion drug delivery systems, which can transform molecules into liquid crystals in the eye; 12 this was shown to increase precorneal retention time by up to 1.42-fold as compared to direct delivery of the solution. In addition, this method has been shown to achieve drug concentrations of up to 8.64 and 15.95 ng/mL in the cornea after 0.5 and 4 h, respectively. 13 Ethosomes, a type of carrier molecule, have many advantages for the treatment of eye irritation, including high stability; however, very few types are available for clinical application, and high concentrations can be toxic. 14, 15 Cyclodextrin has been widely studied as a carrier in ophthalmic drug delivery systems and has been shown to prolong ocular retention time and increase drug solubility and bioavailability, thereby improving the drug's effectiveness. 11, 16, 17 Eye drops consisting of methazolamide in cyclodextrin can also reduce intraocular pressure, and are released over 6 h. The combination of acetazolamide, cyclodextrin, and triethanolamine was shown to increase permeation through the rabbit cornea by over ten-fold and to reduce intraocular pressure by .30%. 18 For diseases requiring long-term drug administration such as those of the retina and vitreous body, a dexamethasone/cyclodextrin mixture applied to the ocular surface increased retinal penetration two-fold relative to systemic administration. 19 In situ gels are a novel type of ophthalmic drug delivery system with a longer retention time than that of existing approaches, and they reduce administration frequency and improve bioavailability. In vivo studies have shown that a temperature-sensitive chitosan hydrogel administered as ocular drops had high penetration and sustained release over 12 h while reducing intraocular pressure. 20 Although it was shown that particles in the nanometer range have longer corneal retention time, there are still no drug delivery systems that adequately target the posterior segment. 21, 22 Recently, drug carriers have been developed that combine two or more molecules, although effective delivery to the posterior segment by anterior corneal administration remains problematic. [23] [24] [25] [26] [27] Lipid nanoparticles (L/NPs) can be used to encapsulate and deliver poorly soluble drugs and can enable greater drug permeation into tissues via lipid membrane fusion. We hypothesized that combining L/NPs with the water-soluble cationic polysaccharide chitosanwhich is biodegradable, adhesive, and biocompatible and has superior penetration -can improve L/NP drug loading and release (Figure 2) .
In a previous study, we reported the potential of NPs as a novel system for delivering ocular drugs to the posterior segment of the eye, including the aqueous humor and vitreous fluid in the eyes. Briefly, fluorescence emission of coumarin-6 formulated into NPs was detected in the posterior 
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enhanced local bioavailability of lipid nanoparticle drug delivery system segment of rabbit eyes after eyedrop administration. 7 The rigidity of NPs is an important factor in considering drug delivery efficiency. Several factors would affect the properties in lipid drug delivery systems: particle rigidity, particles surface characteristics, components of the particles system, particle sizes, and zeta potential. Crucial findings may be obtained by investigating the relationship among these factors and drug delivery efficiency to the ocular posterior segment.
The main goal of this study was to develop a lipid drug delivery system for dexamethasone and evaluate its potential for drop delivery to the ocular posterior segment. For this purpose, L/NPs containing various agents were prepared by a film-dispersion high-pressure homogenization method. In vitro evaluation of L/NPs and the pharmacokinetics in rabbit were investigated. The effect of L/NPs on rabbit cornea was assessed, and preliminary studies on the pharmacokinetics of drop administration were performed.
Materials and methods Materials
Soy and egg yolk lecithins were purchased from Advanced Vehicle Technology Pharmaceutical Co., Ltd. (Shanghai, China). Soybean oil and Pluronic F68 were gifts from Yipusheng Pharmaceutical Co. (Jiangxi, China) and BASF (Ludwigshafen, Germany), respectively. Dexamethasone was supplied by Tianjin Tianyao Pharmaceutical Co., Ltd. (Tianjin, China). Bitter capric acid triglyceride and medium-chain triglycerides were provided by Fengli Jingqiu Pharmaceutical Co., Ltd. (Beijing, China). All other chemicals and reagents were commercially available and of reagent grade.
Preparation of l/NPs
L/NPs were prepared using a film-dispersion high-pressure homogenization system. 28, 29 Briefly, soy lecithin and dexamethasone were dissolved in soybean oil under low heat, followed by organic solvent dissolution and film dispersion. Glycerol and Pluronic F68 were dissolved in deionized water as the aqueous phase. To achieve a coarse emulsion system, the two phases were separately heated to 45°C and then emulsified using an Ultra-Turrax T25 high-shear mixer (IKA, Guangzhou, China) at a speed of 14,000 rpm for 10 min. The preparation was cooled to room temperature; pH was adjusted to 6.5-7.8, and the desired volume was obtained by adding purified water. L/NPs were homogenized into a fine monodispersed emulsion with a high-pressure homogenizer (NS 1001L; NiroSoavi Co., Parma, Italy) at 500-600 bar for 10 min.
Charge modification of (+) L/NPs was carried out by mixing unmodified (−) L/NPs with specific concentrations of chitosan. After the functional polymer was added to the aqueous phase, the solution containing charge-modified (+) L/NPs was adjusted to an appropriate final volume. The solution was homogenized for 15 min; the final chitosan concentration was 1%.
Particle size and zeta potential analysis
Mean particle size and size distribution of L/NPs were measured by laser diffraction (Delsa Nano C Particle Size and Zeta Potential Analyzer; Beckman Coulter, Brea, CA, USA). Briefly, 1 mg/mL dexamethasone (±) L/NPs were prepared in distilled water at room temperature before size measurements, which were performed in triplicate following the dilution of L/NPs at 25°C. The zeta potential was determined with the same instrument under the same conditions. 
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Ban et al analysis of l/NP morphology by transmission electron microscopy (TeM) L/NP morphology was visualized by TEM (JEM-1400; JEOL, Tokyo, Japan). Samples were prepared using a negative staining method at room temperature by placing a drop of each formulation onto a copper grid coated with carbon film and staining with 2% phosphotungstic acid solution. 30 
Analysis of drug-loading efficiency and capacity
Free drug encapsulated in L/NPs was separated by size exclusion. Briefly, Sephadex G-50 medium was loaded into a 2 mL syringe, which was centrifuged at 2,500 rpm for 2 min to obtain a dehydrated column. L/NPs (0.2 mL) were applied to the column, followed by centrifugation at 2,500 rpm for 2 min. Deionized water (0.2 mL) was added to the column as an eluent, followed by centrifugation at 2,500 rpm for 2 min. This step was repeated thrice, and resultant L/NPs were dissolved in acetonitrile and passed through a 0.22 μm membrane filter.
The solution was diluted with an appropriate amount of mobile phase, and L/NPs were homogenized to determine their total content. The solution was analyzed by high-performance liquid chromatography (HPLC) using a C 18 column (5 μm, 25 cm ×4.6 mm; Kromasil, Bohus, Sweden) with a mobile phase consisting of an acetonitrile/ water mixture (28:72). The flow rate was 1.0 mL/min at room temperature, and the encapsulation efficiency of L/NPs was calculated with the following equation:
where W Total and W Free represent the weights of total and nonencapsulated drug, respectively; and EE represents the drug encapsulation efficiency and DL, the drug loading.
In vitro evaluation of corneal penetration
New Zealand albino rabbits (Laboratory Animal Service Center, Southern Medical University, Guangzhou) were randomly divided into three groups (dexamethasone/[+] L/NPs, dexamethasone/[−] L/NPs, and dexamethasone only; n=3 each). The penetration-enhancing effect of L/NPs in aqueous solution (dexamethasone concentration =1 mg/mL) was evaluated in isolated rabbit corneas (available area =0.5024 cm 2 ) using a Franz diffusion apparatus (Shanghai Kai Kai Technology Trade Co. Ltd., China). Briefly, 1 mL of each sample and 6 mL Ringer's solution were placed on the epithelial (donor) and endothelial (receptor) sides of the cornea, respectively, with the system maintained at 34°C. A 1 mL volume of sample was drawn from the epithelial compartment after 0.25, 0.5, 1, 1.5, 3, 4, 5, and 6 h and immediately replaced with an equal volume of preheated Ringer's solution. Each sample was prepared in triplicate. The amount of drug in the sample was determined by the HPLC method as described in the "Analysis of drug-loading efficiency and capacity" section. Cumulative penetration per area (Q n , μg/cm 2 ) at different intervals was used to evaluate the efficiency of penetration according to the following formula:
where C n is the drug concentration in the endothelial compartment at different times (mg/mL), C i is the drug concentration in samples at the final time point (mg/mL), V 0 is the volume of the endothelial compartment (6 mL), V is the sample volume (1 mL), and A is the effective area of permeation (0.5024 cm 2 ). We also determined the apparent permeability coefficient (P app , cm/min) and steady-state flux (J SS , μg/mL), where ΔQ/Δt is the slope of the straight-line portion of the Q n-t plot and A is the effective area of permeation (0.5024 cm 2 ). 31 
In vitro drug release test
In vitro drug release was evaluated using the dynamic dialysis bag method. 32 Briefly, 2 mL each of the (±) L/NP formulations was separately loaded into dialysis bags immersed in 40 mL freshly prepared Ringer's solution at 34°C. The magnetic stirring speed was 100 rpm. At predetermined time points (2, 4, 6, 8, 10, 12, 24 , and 36 h), 1 mL of each sample was withdrawn and immediately replaced with an equal volume of fresh Ringer's solution. The amount of drug released by L/NPs was determined by the HPLC method as described in the "Analysis of drug-loading efficiency and capacity" section. 
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enhanced local bioavailability of lipid nanoparticle drug delivery system sac of the right eye, while the left eye was left untreated as a control. The ocular tissue was examined thrice daily for 7 days. The degree of eye irritation was scored using the modified Draize test. 33 Rabbits were euthanized by air embolism, and eye tissue was fixed with 4% formaldehyde and embedded in paraffin for histopathological assessment.
Pharmacokinetics of l/NPs in aqueous humor
Adult New Zealand albino rabbits (n=6, weighing 2.0-3.0 kg) were used for the analysis of pharmacokinetics in the aqueous humor. A single dose (0.1 mL) of L/NPs (1 mg/mL) was applied to the lower conjunctival sac of one eye of each rabbit immediately after preparation. At predetermined time points (0.5, 1, 3, 6, 9, 18, and 24 h after L/NP application), 20 μL samples of aqueous humor were collected using a syringe fitted with a 26 G needle. Samples were mixed with 80 μL of HPLC mobile phase and centrifuged at 6,000 rpm for 30 min. A 60 μL volume of the supernatant was used for HPLC analysis as described in the "Analysis of drug-loading efficiency and capacity" section.
statistical analysis
Data are expressed as mean ± SD. Differences between groups were assessed by analysis of variance and the independent samples test using SPSS software (SAS Institute, Cary, NC, USA). P,0.05 was considered statistically significant.
Results and discussion

Preparation and characterization of l/NPs
Particles with sizes on a nanometer scale not only show high solubility in water but also prolong the time that a drug remains in the ocular circulation. [34] [35] [36] Various strategies such as emulsion solvent evaporation, solvent dispersion, and nano-crystallization have been used to improve the bioavailability of poorly soluble drugs. Lipids, including phospholipids, can serve as drug carriers in eye drops owing to their excellent capacity for encapsulation, safety, and biocompatibility. [37] [38] [39] [40] In this study, we prepared dexamethasone L/NPs with different surface properties by high-pressure homogenization. L/NP size has an important effect on the dispersibility of ophthalmic formulations. The particle size of D90 (the cumulative particle size distribution number reaching 90%) decreased from 356.7 to 269 nm when the drug/lipid ratio increased from 1:10 to 1:50 (Figure 3, D90) , indicating that NP size is affected by lipid content. There was also a slight improvement in the stability of the system with increased drug/lipid ratio ( Figure 3 , polydispersity index [PDI]); we therefore prepared particles ,200 nm in size by increasing the pressure in the homogenizer to achieve a drug/ lipid ratio of 1:30.
A core structure was formed by dexamethasone and phospholipids in a solution of acetone and ethanol within a soybean oil shell, which spontaneously generated isotropic and thermodynamically stable nano-droplets with an aqueous phase containing Pluronic F68. Unmodified (−) L/NPs were modified with a surface charge by adding the biocompatible cationic material, chitosan. In addition, as a result of the combination of positively charged amino acids in chitosan molecules and the negative charge interaction between hydrophilic hydroxyl and L/NPs, a lipid tear film was formed after eye drop administration (Figure 2) . 40, 41 Consequently, the spreading coefficient changed as a result of contact between the drug and cornea, minimizing the loss of drug in the anterior segment and increasing intraocular bioavailability. Particle size, encapsulation efficiency, and drug loading of L/NPs were affected by solvent composition (Table 1) , which could be related to hydrocarbon chain length of volatile organic solvents in the hydration process. In the dichloromethane/acetone system, hydration time was longer, and a large amount of drug leaked from the lipid carrier, resulting in reduced entrapment efficiency. 42, 43 Permeability is an important feature of L/NPs; particle size and surface charge affect intraocular penetration. 44, 45 Membrane permeability decreased with increases in particle size, and particles ,400 nm showed greater penetration through polarized epithelial cells. The range of particle sizes was 118.2±87.5 to 180.1±74.5 nm.
We evaluated the physicochemical properties of (±) L/NPs ( Table 2 ). The average droplet size differed between (−) and (+) L/NPs. The zeta potential was higher for (+) than for (−) L/NPs (Figure 4 ). L/NPs exhibited cationic characteristics 
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Ban et al after chitosan modification, which contributed a positive charge to the particle surface, promoting the retention of particles at the corneal surface and stabilizing the system. TEM analysis revealed that the L/NPs had a spherical structure with a smooth surface; the chitosan coating formed a shell around the core but did not alter particle shape ( Figure 5 ).
The J ss and P app obtained for L/NPs and the aqueous solution of dexamethasone are shown in Table 3 . Corneal hydration levels in all three samples were within the normal range, 75%-83%; the pH range of the preparations was 6.3-7.4. Since corneal hydration levels were mostly below 80%, the corneal damage appeared to be reversible. These findings demonstrate that L/NPs are safe for use in ocular treatment. Dexamethasone L/NPs and aqueous solution showed good permeation and in vitro bioavailability over a 6 h period. Infiltration of L/NPs modified with chitosan was higher than that of L/NPs without modification, with the respective P app values being 2.7-and 1.8-fold higher than that of the water solution. This might be attributable to the integration of (+) L/NPs into tear films as a result of electrostatic adsorption between positively and negatively charged L/NPs. Although it improved corneal permeability of the drug, chitosan also prevented the drug from interacting with the intraocular protein, thereby preventing enzyme damage and improving drug bioavailability in the eye. [46] [47] [48] analysis of in vitro drug release by l/NPs Methods for investigating in vitro drug release include dialysis, reverse dialysis, and ultrafiltration. There are some caveats for interpreting in vitro drug release kinetics of L/NPs by dialysis. For instance, L/NPs are not fully diluted by the release medium, which is therefore not comparable to intraocular tear composition. The major factor affecting drug release is the concentration gradient between the filter bag and release medium rather than the internal and external phases of the droplet, giving a false appearance of sustained release. In this study, leakage slot conditions were established by reverse osmosis, which can better simulate local application of eye drops such that L/NPs would be diluted and contact a large volume of medium. It also avoided the disadvantage of reduced accuracy of samples that cannot be separated quickly by ultracentrifugation.
To investigate the release characteristics and surface charge of dexamethasone (±) L/NPs, release data were fitted with first-order, Higuchi, Niebergull, Hixson-Crowell, Ritger-Peppas, and Weibull equations. The most suitable equation was determined according to the correlation coefficient R 2 and Akaike information criterion. Changes in particle size and area induced by spontaneous formation of tiny droplets during drug release deviated from the first-order kinetic model of drug release behavior in aqueous solution (Table 4) . Approximately 50% of L/NPs were released in 36 h, indicating good bioavailability.
In vivo assessment of l/NP safety with the eye irritation test
Given that L/NPs are novel drug carriers intended for use as an ocular drug delivery system, it is important to assay their tolerability in living organisms. Histopathological analysis by microscopy was used to assess cell structure and tissue integrity to detect irritation. Representative micrographs of three tissues (cornea, iris, and sclera) treated with different preparations are shown in Figure 6 .
In control specimens treated with Ringer's solution (A 1 -A 3 ), there were no differences in the appearance of the various tissues. Some loose corneal stroma cells, conjunctival epithelial cells with altered appearance, and an increase in the number of inflammatory cells or lymphocytes at the sclera 
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Ban et al were observed in specimens treated with dexamethasone solution. However, the presence of L/NPs in the (+) L/NPs (B 1 -B 3 ) and (−) L/NPs (C 1 -C 3 ) groups had no effect on tissue morphology. These results indicate that L/NPs have good ocular biocompatibility and can in fact reduce the mild tissue damage caused by dexamethasone aqueous solution.
In vivo pharmacokinetics of l/NPs in aqueous humor
L/NPs formulations applied to rabbits' eyes were well tolerated and showed no evidence of causing ocular inflammation or irritation. Dexamethasone concentrations measured in aqueous humor collected after 0.25, 0.5, 1, 3, 5, 6, 8, 12, and 24 h are shown in Figure 7 , and pharmacokinetic parameters calculated by the DAS 3.0 software package (Chinese Pharmacological Society, Shanghai, China) are shown in Table 5 . In animals treated with dexamethasone aqueous solution, dexamethasone was detected in the aqueous humor over the 8 h duration of the study period, after which it was no longer detectable, indicating rapid elimination of the drug. In contrast, large quantities of the drug were present in aqueous humor samples for up to 24 h following the topical administration of dexamethasone containing (−) or (+) L/NPs to rabbits' eyes. Both L/NPs exhibited higher dexamethasone bioavailability (P,0.05) as compared to the aqueous solution (4.69-and 2.12-fold higher, respectively), while the difference between them was negligible. The respective T max values of dexamethasone from (+) and (−) L/NPs were 12-and 10-fold higher, whereas the respective C max values were 2.37-and 1.17-fold higher, respectively, than the values for the aqueous solution. The calculated C max values indicated that there was no difference between the (+) L/NP formulations and the aqueous solution.
Conclusion
L/NP-based drug delivery systems can alter the dynamics of intraocular transport. For the delivery of dexamethasone -a drug used in the treatment of ocular fundus diseases such as macular disease -chitosan modification of L/NPs yielded a more sustained and controlled release and showed superior biocompatibility as compared to unmodified L/NPs. Dexamethasone or other drugs in conjunction with a chitosanmodified L/NP carrier can be prepared in the form of eye drops when long-term treatment is required, such as for cataracts and diabetic eye diseases. This system ensures that the drug can achieve therapeutically effective concentrations at a lower dosage in a shorter time, which can in turn improve patient compliance.
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